Arp1 binds βΙΙΙ spectrin page 4 Holleran et al., 2001 associated with organelle membranes via protein-protein interactions (reviewed in . Based on observations of cells overexpressing the Arp1 subunit of dynactin, we previously proposed that the association of dynactin with vesicles is mediated by an interaction between Arp1 and an organelle-associated spectrin (Holleran et al., 1996; .
Conventional spectrin associates with the cytoplasmic face of the plasma membrane, forming orthogonal arrays that are connected by 37 nm actin filaments, and which are attached to the membrane by peripheral and integral membrane proteins (reviewed in Hartwig, 1994; . A non-cortical role for spectrin has also been proposed.
Immunocytochemical evidence suggests that spectrin isoforms localize to the Golgi, and Golgi and lysosomal isoforms of the spectrin-binding protein ankyrin have been identified (Devarajan et al., 1996; Beck et al., 1997; Hoock et al., 1997; Stankewich et al., 1998) . Spectrin arrays may form vesicular coats that in conjunction with a motile force mediate vesicle sorting and trafficking.
Here we report a direct interaction between the Arp1 subunit of dynactin and βIII spectrin, an isoform that localizes to vesicles and the Golgi (Stankewich et al., 1998) . We define two Arp1 binding sites on βIII spectrin and demonstrate that βIII spectrin binds preferentially to Arp1 rather than actin. Biochemical assays demonstrate that βIII spectrin co-purifies with dynein and dynactin on vesicles, and that βIII spectrin co-immunoprecipitates with dynactin.
Further, we compare the distributions of βIII spectrin and dynactin by immunocytochemistry.
These data support a model in which an Arp1-βIII spectrin interaction mediates the direct interaction of dynein and dynactin with vesicles, providing for the active, dynein-mediated transport of specific vesicular cargo along cellular microtubules. 
Materials and Methods
Immunoblotting, Immunoprecipitation, and Immunocytochemistry. Rabbit and chicken polyclonal antibodies raised to residues 1019-1464 of βIII spectrin were previously described by Stankewich et al. (1998) ; rabbit-anti-βIII spectrin was affinity-purified against the antigen.
Affinity-purified rabbit polyclonal antibodies to dynactin subunits p150
Glued , Arp1, and dynamitin, and an affinity-purified rabbit polyclonal antibody to the dynein intermediate chain are as described Holleran et al., 1996; LaMonte et al., manuscript submitted) . Monoclonal antibodies to tubulin (YL1/2 from Serotec and DM1A from Sigma), p150 Glued (P41920 from Transduction Laboratories), dynamitin (D74620 from Transduction Laboratories), and α-fodrin (nonerythroid spectrin, clone AA6 from ICN) were obtained commercially. Gel samples were resolved by electrophoresis through SDS-PAGE (Laemmli, 1970) and electroblotted onto Immobilon-P membranes (Millipore). The blots were blocked using 5% nonfat milk in Tris-buffered saline, pH 8.0, 0.05% IGEPAL and 0.05% sodium azide and incubated with primary antibody overnight at 4°C. Detection was accomplished by means of horseradish peroxidase-conjugated secondary antibody (Jackson Immunoresearch) and
Renaissance western blot chemiluminescence reagent (Dupont NEN). Immunoprecipitations using a monoclonal antibody to dynamitin to isolate dynactin from rat brain cytosol were performed as described previously . A control precipitation using protein A beads without antibody was performed in parallel to test for nonspecific binding to beads, as described (Karki et al., 2000) . For immunocytochemistry, either PtK2 (a rat kangaroo kidney cell line from ATCC), COS-7 (an African green monkey kidney cell line from ATCC), or Rat2
(a rat embryo fibroblast cell line from ATCC) cells were fixed in -20˚ C methanol for 5-10 minutes, rinsed in PBS, blocked in PBS with 5% goat serum and 1% BSA, and then incubated either overnight at 4˚ C or for 1 hour at room temperature with the primary antibodies indicated. The primary antibodies were followed by incubation in the appropriate fluorescently-labeled secondary antibodies (Molecular Probes).
Yeast Two Hybrid Interaction Assay. The interaction of Arp1 and βIII spectrin was tested in the yeast two hybrid assay using reagents and protocols from Clontech. Full length human cDNAs encoding Arp1 (Holleran et al., 1996) or p150 Glued were subcloned into the vector pACT2 to yield plasmids pACT2-Arp1 and pACT2-p150, respectively, with the Arp1 or p150 Glued sequences fused in-frame to the GAL4 transcription activation domain. A 2.6 kb fragment of βIII spectrin was subcloned into the vector pGBT9, to yield the plasmid pGBT-BIII with βIII fused to the GAL4 DNA binding domain. Both the pACT2 and pGBT plasmids were introduced into yeast strains PJ69-2A and Y187, which carry the ADE2 and lacZ reporter genes, respectively. The ADE2 strain cannot grow in media lacking adenine unless the ADE2
reporter is activated. The pGBT-BIII construct alone gave some background activation of the lacZ reporter gene, but neither pGBT-BIII or pACT2-Arp1 activated the ADE2 reporter gene either alone, or in combination with complementary vectors that included the activation and binding domains but lacked the Arp1 or βIII inserts.
Affinity Chromatography. GST, either alone or fused to the amino terminal of spectrin βIII constructs encoding amino acid residues: 1-851, 1-304, 1019 1-304, -1464 1-304, , and 2092 1-304, -2390 was expressed in the BL21 strain of E. coli. Expression was induced with IPTG, then cells were harvested by centrifugation, resuspended in 50 mM Tris, 50 mM NaCl and 1 mM EDTA, pH 8.0, and stored at -80°C. Cells were lysed in the presence of protease inhibitors either by sonication or using a microfluidizer (Microfluidics Inc., Newton, MA). The lysates were clarified by centrifugation at 39,000 x g and the soluble supernatant fractions were loaded onto glutathione sepharose beads. The beads were washed extensively in PBS (140 mM NaCl, 2.7 mM KCl, 10 The Promega TNT T7 Quick coupled transcription/translation system was used to express Arp1 (human cDNA described in Holleran et al., 1996) , p150 Glued (human cDNA described in Tokito et al., 1996) , and actin (human β-actin cDNA obtained from Dr. E.
Kislauskis, University of Massachusetts Medical School) in vitro. TNT T7 Master mix, 35 S methionine, and 1 µg of cDNA for either Arp1, actin, or p150 Glued (each subcloned in the vector pcDNA3) were incubated at 30°C for 1.5 hours. In vitro synthesized Arp1 or p150 Glued was then loaded onto GST, GST-βIII 1-304, GST-βIII 1019-1464, or GST-βIII 2092-2390 beads, as noted, and batchbound with gentle shaking at 25°C for one to two hours. After extensive washing with PBS the columns were eluted with 1 M and 2 M NaCl and the resulting fractions were analyzed by SDS-PAGE (Laemmli, 1970) and autoradiography.
Preparation of Cytosolic and Vesicle Fractions. Rat brains were homogenized in either PHEM buffer (50 mM NaPIPES, 50 mM NaHEPES, 1 mM EDTA, 2 mM MgCl 2 , 1 mM DTT, pH 6.9) or 1/2x motility buffer (10 mM HEPES-KOH, 175 , L-aspartic acid, 65 mM taurine, 85 mM betaine, 25 mM glycine, 6.5 mM MgCl 2 , 5 mM EGTA, 0.5 mM D-glucose, 1.5 mM CaCl 2 , 1 mM DTT, pH 7.2) (Muresan et al., 2001) , as noted, supplemented with the protease inhibitors PMSF, TAME, leupeptin, and pepstatin. Rat brain cytosol was prepared by centrifugation at 17,000 x g for 30 minutes, followed by centrifugation at 150,000 x g for 60 minutes (Karki et al., 2000) . The pellet from the second centrifugation step was resuspended in buffer to provide a membrane-enriched fraction. Parallel aliquots of this membrane-enriched fraction were either untreated, or extracted with either 0.6 mM KI or 1 mM neomycin. Vesicles were isolated from these fractions by flotation upward through a sucrose step gradient, with steps of 2M, 1.5M, and 0.6M sucrose as described in Waterman-Storer et al (1997) . Soluble proteins were retained in the bottom layer of 2 M sucrose, while vesicles were isolated from the 1.5/0.6 M sucrose interface. 1997; see Fig. 1a ), was used to test for a direct interaction between Arp1 and βIII spectrin. For yeast two hybrid binding analysis, Arp1 was fused to the GAL4 activation domain (vector pACT2) and the Golgi-targeting region in βIII spectrin (βIII -GT) was fused to the GAL4 DNAbinding domain (Fig. 1a ). An interaction was monitored by observing for growth on media lacking adenine. Co-expression of the Arp1 and βIII -GT fusion proteins was required for growth ( Fig. 1b) . Expression of either of the fusion proteins with the complimentary empty vector did not activate the ADE2 reporter gene (Fig. 1b) . As an additional control for specificity, co-expression of the p150 Glued subunit of dynactin and βIII-GT spectrin did not activate of the ADE2 reporter gene (data not shown). We conclude that the Arp1 subunit of dynactin binds directly to βIII spectrin.
To confirm the Arp1/βIII interaction, we used affinity chromatography. An affinity column was generated in which the βIII Golgi-targeting domain (Fig. 1a ) was expressed as a glutathione-S-transferase fusion protein (GST-βIII-GT ) and then bound to glutathione sepharose beads. In vitro-translated Arp1 (Melki et al., 1993) was loaded over the GST-βIII-GT column or a GST control column, and bound protein was eluted with salt ( Fig. 1c) . Arp1 bound to the GST-βIII-GT column but was not significantly retained on the GST control column. In order to verify the specificity of this interaction, we tested another subunit of dynactin, p150 βIII spectrin can be divided into three domains ( Fig. 1a) : an amino-terminal domain (amino acids 1-304) that contains a region homologous to the minimal actin-binding domain (ABD) identified in other beta-spectrins, a central domain (amino acids 304-2092) containing 17 spectrin repeats (~106 amino acid residues each) that are thought to function in spectrin selfassociation, and a C-terminal domain (amino acids 2092-2390) that includes a plekstrin homology (PH) domain thought to be involved in membrane association (Karinch et al., 1990; Hartwig, 1994; Stankewich et al., 1998; reviewed in Morrow, 1999) . We generated three GST-βIII spectrin constructs in order to determine the region with which Arp1 interacts: DI, which spans residues 1-304; DII, which spans residues 1019-1464 (repeats 7 through 11); and DIII which spans residues 2092 to 2390 (Fig. 1a ). Affinity matrices of each construct were tested for Arp1 binding. [ 35 S]-labeled Arp1 bound to both the DI and DIII constructs, but did not bind significantly to the DII construct or to the GST control column (Fig. 2a) . We conclude that Arp1 binds to the conserved actin-binding domain of βIII spectrin, and that there is an additional Arp1 binding site in domain III.
Conventional Actin Binds a Single Domain in βIII
Spectrin. In the absence of additional co-factors such as adducin and band 4.1, actin binds relatively weakly to the previously characterized β-spectrins (Li and Bennett, 1996) . In order to determine if actin binds to the βIII isoform of spectrin, we examined the binding of [ 35 S]-labeled actin to affinity matrices of the two constructs that showed Arp1 binding. Actin bound poorly to DI and did not bind detectably to DIII (Fig. 2b) . A qualitative comparison of the Arp1 and actin binding data suggests that
Arp1 binds more efficiently than actin to the GST-βIII DI construct in this assay ( Fig. 2a and b ). 3), suggesting that βIII spectrin binds to Arp1 with a higher affinity than it does to conventional actin. Thus, the interaction between Arp1 and βIII spectrin is possible even under cellular conditions in which actin is present in great excess over dynactin (see Discussion).
F-Actin Does Not Compete with Arp1 in Binding to
βIII Spectrin and Dynactin Co-Purify on Rat Brain Vesicles. If a dynactin-spectrin interaction is involved in linking dynein to intracellular vesicles, then dynein, dynactin, and βIII spectrin should co-purify with biochemically isolated vesicles. To examine this hypothesis, a membrane-enriched fraction isolated by differential centrifugation of rat brain homogenate was further fractionated on a sucrose step gradient. Under these conditions, soluble proteins remain in the bottom layer of 2 M sucrose, while membrane-associated proteins float upward through a 1.5 M sucrose cushion to concentrate at the interface between the 1.5 and 0.6 M sucrose layers (Waterman-Storer et al., 1997) . We blotted fractions from the 2M and 1.5M layers, as well as from the 1.5/0.6M interface using antibodies to βIII spectrin, dynactin subunits p150 Glued , dynamitin (p50), Arp1, and dynein intermediate chain (DIC) . βIII spectrin, dynactin, and dynein were all found in the membrane-enriched layer at the 1.5/0.6 M interface (Fig. 4) , demonstrating that these proteins co-purify with vesicles. However, there were also significant soluble pools of each of these proteins (Fig. 4) . The presence of both soluble and membrane-associated pools of dynein and dynactin has been described by numerous groups (see for example Reese and Haimo, 2000) . These data suggest that there are both soluble and membrane-associated pools of βIII spectrin as well.
Dynein, dynactin, and βIII spectrin are thought to be peripherally associated with the lipid bilayer of intracellular organelles (Fath et al., 1997) . We examined how readily these proteins by guest on September 1, 2017
http://www.jbc.org/ Downloaded from could be extracted from vesicles by potassium iodide, a reagent that dissociates peripherally associated proteins from membranes. Dynein was readily extracted from vesicles by 0.6 M KI, but dynactin and βIII spectrin were only partially extracted under these conditions (Fig. 4) , suggesting that both dynactin and spectrin are more tightly associated with vesicles than is dynein. The antibiotic neomycin interferes with the interaction between PH domains and phospholipids and has been shown to strip both dynactin and spectrin from squid axonal vesicles (Muresan et al., 2001) . Neomycin treatment did not, however, dissociate spectrin or dynactin from rat brain vesicles (Fig. 4) . These data may indicate that βIII spectrin and dynactin are more strongly associated with vesicular membranes in vertebrates than in squid.
βIII Spectrin is Co-Immunoprecipitated with Dynactin. To further test the hypothesis that βIII spectrin associates with dynactin within the cell, we immunoprecipitated dynactin from rat brain cytosol using an antibody to the dynamitin subunit, and probed for the coimmunoprecipitation of βIII spectrin. We have previously demonstrated that each of the dynactin subunits co-immunoprecipitates under these conditions, and that actin does not coprecipitate (Holleran et al., 1996) . Dynactin was precipitated by the anti-dynamitin (p50) antibody, as judged by the presence of the p150 Glued subunit, while no p150 Glued was seen in the control precipitation ( Figure 5 ). βIII spectrin co-immunoprecipitated with dynactin, but was not found in the control precipitation. To examine the specificity of this interaction, we also probed the immunoprecipitate for fodrin, another spectrin isoform expressed in brain, but saw no evidence for the co-immunoprecipitation of this protein with dynactin. Together, these data indicate that dynactin and βIII spectrin are associated in vivo. dynactin, and βIII spectrin show similar punctate cytoplasmic distributions consistent with the association of these proteins with vesicles (Fig. 6 ). All three proteins are concentrated in the perinuclear region of the cell where they partially co-localize with markers of the Golgi (data not shown), but none are restricted to that region. While these observations are consistent with the hypothesis that spectrin is involved in linking dynactin to intracellular vesicles such as those undergoing dynein-mediated trafficking into the Golgi, we do not see complete co-localization.
However, dynein and dynactin do not completely co-localize either (for example, see , despite extensive genetic and biochemical data demonstrating that the functions of these proteins are interdependent. The βIII staining (Fig. 6 ) is more clearly tubulo-vesicular than that observed with antibodies to either dynein or dynactin, consistent with biochemical observations that this protein is most robustly associated with the vesicular fraction. Further, it has been proposed that βIII spectrin forms a membrane-associated coat (Devarajan et al., 1997) , and therefore is expected to be highly enriched on vesicles.
Co-Localization of βIII Spectrin and Dynactin at the Mitotic Spindle Midzone and the
Midbody. While we observed only partial co-localization of dynactin and βIII spectrin in interphase cells, we saw more obvious co-localization of these proteins in cells undergoing division. Dynactin and cytoplasmic dynein are required for multiple aspects of cell division, including mitotic spindle organization and orientation and microtubule-kinetochore interactions (reviewed in . Both dynactin and dynein localize to the developing cleavage furrow during cytokinesis of cultured mammalian cells , suggesting an additional role for these proteins late in cell division. Dynactin has been localized to the midzone, perpendicular to the spindle axis, as well as to a ring surrounding the midbody Skop and White, 1998 6-8). Similar patterns of localization were also seen in Rat2 and COS-7 cells (data not shown).
At the end of metaphase, spectrin antibodies intensely stain the cleavage furrow in a fibrous pattern parallel to the spindle axis and co-incident with the cortical region overlying the overlapping microtubules of the spindle (Fig. 7 , a-f). As anaphase proceeds, βIII staining at the spindle overlap zone intensifies, although vesicular staining around the poles is also apparent (Fig. 7g-i ). Later in cell division, βIII spectrin localization becomes condensed at the midbody ( Fig. 7j-o) . The intense midbody staining becomes asymmetrically partitioned to a single daughter cell (Fig. 7p-r) , and this localization persists as a ring into interphase. The localization of βIII in dividing cells closely resembles that demonstrated for dynactin .
In order to directly compare the localization of βIII spectrin with that of dynactin, we double-labeled PtK2 cells with an affinity-purified rabbit polyclonal antibody to βIII spectrin and a monoclonal antibody to the p150 Glued subunit of dynactin (P41920). Strikingly, while this monoclonal antibody recognizes the cytoplasmic pool of dynactin, it does not recognize dynactin at the midbody (Fig. 8c) . Vaughan et al. (2000) have characterized the epitope of this monoclonal antibody, and found that it is phospho-sensitive, suggesting that the localization of dynactin to midbodies is regulated by phosphorylation of the p150 Glued subunit.
The lack of midbody staining by the available dynactin monoclonal antibodies (Fig. 8c , and see Karki et al., 1998) localization, so instead we compared the localizations of both βIII spectrin and dynactin to dynein (Fig. 8a,b) . As previously described , bright dynein staining is seen at the midbody during late stages of cell division. Close examination reveals a distribution consistent with localization of dynein along the tightly bundled microtubules of this structure. In contrast, dynactin staining is found as a ring surrounding the center of these microtubules ( Fig.   8b and see Karki et al., 1998; Skop et al., 1998) . The localization of βIII spectrin at the midbody closely resembles that of dynactin, appearing as an apparent ring around the dynein staining (Fig.   8a ). The distinctive and novel localization of βIII spectrin to the midzone of dividing cells illustrated here suggests a role for the dynactin-spectrin interaction in the targeting of dynein and dynactin to a specific cortical region in a temporally regulated manner.
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Discussion
Understanding how motor proteins connect to cargo is fundamental to the study of microtubule and actin based motility. Both genetic and cellular studies have shown that dynactin is a required co-factor for most dynein-mediated intracellular motility (reviewed in . While dynactin may act to increase the processivity of dynein-mediated transport (Waterman-Storer et al., 1995; King and Schroer, 2000) , accumulating data suggest that dynactin is involved in tethering dynein to its cargo. During cell division, an interaction between the protein ZW10 and the dynamitin subunit of dynactin links dynein to the kinetochore (Starr et al., 1998) . During vesicle transport, antibody inhibition of the dynein-dynactin interaction inhibits the association of dynein with membrane, and therefore blocks the motility of vesicles along microtubules (Waterman-Storer et al., 1997; Steffen et al., 1997) . Blocking the dynein-dynactin interaction by dynamitin overexpression in transfected cells has also been shown to produce a similar inhibition of vesicle trafficking from the ER to the Golgi (Presley et al., 1997) , presumably by interfering with dynein's association with vesicles via dynactin.
More than one type of interaction may be involved in tethering dynein and dynactin to membranes. In some situations, dynactin may directly associate with membrane lipid and thereby recruit dynein. The p62 subunit of dynactin contains a highly conserved RING motif that may interact with membrane-associated phospholipids (Karki et al. 2000) . Alternatively, it has been proposed that dynein may dock to vesicular cargo via an association with an organelle-associated spectrin network (Holleran et al., 1996; De Matteis and Morrow,1998; Godi et al.,1998; Lorra and Huttner,1999; . In this model dynactin interacts with an organelle-associated "coat" of spectrin (Beck et al., 1994) , therefore recruiting dynein to a specific organelle population. Both the predicted actin-like structure of the Arp1 polypeptide, and the distinctive length of the 37 nm Arp1 filament at the base of dynactin suggest that this protein may be capable of interacting directly with a membrane-associated spectrin lattice. This interaction would be analogous to the interaction of 37 nm actin filaments with the cortical spectrin lattice of the plasma membrane (reviewed in Hartwig, 1994) .
To test this hypothesis, we have examined the interaction of Arp1 with the Golgiassociated βIII isoform of spectrin and demonstrated that Arp1 binds directly to βIII spectrin.
Mapping of the Arp1 binding site on βIII spectrin suggests that multiple binding determinants (domain I and domain III) are involved in this association. The amino terminal of βIII spectrin (domain I) contains a region homologous to the minimal actin-binding domain found in other spectrins; the association of Arp1 with this domain strongly supports the hypothesis that the Arp1 associates with βIII spectrin in a manner analogous to the association of actin with conventional spectrin. The physiological significance of the interaction between Arp1 and the Cterminal domain of βIII spectrin is less clear, but it is interesting to note that this region contains multiple domains thought to be important in the association of spectrin with membranes (Morrow, 1999) . In contrast, actin binds only weakly to domain I and does not appear to bind to domain III of βIII spectrin. Previous studies have shown that actin binds to the amino terminal domain of other spectrin isoforms, but not the C-terminal domain (Karinch et al., 1990; Li and Bennett, 1996) , consistent with our observations. Additional studies have demonstrated that the affinity of the actin-spectrin interaction is enhanced by adducin (Li and Bennett, 1996) . While it is possible that adducin also increases the affinity of the Arp1-βIII spectrin interaction, we saw no significant increases in binding affinity when adducin was included in our in vitro binding assays (data not shown).
F-actin does not compete with Arp1 for binding to βIII spectrin, which is consistent with a specific and high affinity interaction between dynactin and βIII spectrin. As we estimate that the cellular concentration of conventional actin is almost 1,000-fold higher than that of Arp1 ( Clark et al., 1994; Muhua et al., 1994; Sheterline et al., 1994) , this higher affinity is required for the model to be physiologically relevant. Further demonstration of physiological relevance comes from the observation that βIII spectrin is co-immunoprecipitated with dynactin, and that both βIII spectrin and dynactin co-purify with rat brain vesicles. These results complement the observations of Muresan et al. (2001) , in which dynein, dynactin and spectrin were found necessary to reconstitute the microtubule minus-end directed transport of purified axonal vesicles from squid. In addition, these studies showed that this transport could be blocked by incubation of the vesicles with recombinant polypeptides corresponding to either domain I or domain III of βIII spectrin, both of which we have demonstrated bind directly to Arp1.
In addition to testing for direct binding between dynactin and spectrin in vitro and for biochemical associations in vivo, we also characterized the endogenous localization of βIII spectrin. Both βIII spectrin and dynactin are found in partially overlapping patterns that are consistent with their localization to intracellular vesicles and the Golgi. The interphase distributions of βIII spectrin and dynactin support the proposed role of these proteins in the dynein-mediated intracellular transport of organelles from the ER to the Golgi. However, these proteins do not completely co-localize suggesting that the interactions between dynactin and βIII spectrin may be spatially and/or temporally regulated within the cell. Consistent with these findings, Vaughan et al. (2001) have recently identified regulatory mechanisms that govern the localization of dynactin within cells.
In contrast, in dividing cells we observe a more striking spatial and temporal colocalization of dynactin and βIII spectrin. We note the specific localization of βIII spectrin to the mitotic spindle, as well as to the midzone as cell division proceeds. This is similar to the distribution of dynein and dynactin in dividing cells , and see Fig. 8 ).
Spectrin-associated proteins have been previously localized to the mitotic spindle. Golgiby guest on September 1, 2017
http://www.jbc.org/ Downloaded from associated ankyrin localizes to the mitotic spindle poles during cell division (Beck et al., 1997) , and Band 4.1 has been shown to interact with NuMA (Mattagajasingh et al., 1999) , which in turn localizes to the spindle during cell division in a complex with dynactin (Merdes et al., 1996) .
In the Drosophila ovary, the spectrosome and fusome are cytoplasmic structures that contain spectrin, ankyrin and adducin-like Hts proteins and are associated with one spindle pole during mitosis. Eliminating the spectrosome by mutagenesis leads to randomized spindle orientation (Deng and Lin, 1997) , a phenotype similar to that displayed by dynein mutants (reviewed in . The mutants also fail to form polarized microtubule networks and cytoplasmic dynein dynamics are disrupted (Deng and Lin, 1997) , leading to the proposal that membrane skeleton proteins in the fusomes help organize microtubules via dynactin. Further, the interaction of dynactin with the cortical membrane-associated spectrin may mediate an interaction between the spindle and the developing cleavage furrow in dividing cells.
In C. elegans, the spindle in the P 1 blastomere of the worms is aligned towards the persistent ring of dynactin at the cell division remnant. Disrupting dynactin prevents the specific rotation of the centrosome-nucleus complex toward the cell division remnant resulting in a misaligned spindle (Skop and White, 1998) . In addition, Piel et al. (2001) have observed a post-anaphase reposititioning of the centrosome that triggers the completion of cell division. This mechanism would require a force at the midbody as well as a way to anchor it specifically in this region.
The distinctive and novel localization of βIII spectrin in dividing cells that we have observed suggests a critical role for βIII spectrin in the targeting of dynactin to a specific cortical region in a temporally regulated manner.
In summary, the direct interaction between Arp1 and spectrin provides significant evidence in support of the model in which dynein and dynactin interact with intracellular organelles and vesicles via a cortical membrane-associated protein, spectrin. We propose that a Dynactin was immunoprecipitated from rat brain cytosol using a monoclonal antibody to dynamitin (p50). Samples from the cytosol, the cytosol following immunoprecipitation, the dynamitin (p50) IP, and a control precipitation were fractionated by SDS-PAGE and electroblotted onto membrane. The top panel was Coomassie-stained to visualize total protein; the lower panels are corresponding blots probed with antibodies to βIII spectrin, α-fodrin, and the p150 Glued and dynamitin (p50) subunits of dynactin. βIII spectrin co-precipitates with dynactin while α-fodrin does not, demonstrating the specificity of the βIII/dynactin interaction. . βIII spectrin and localizes to the developing cleavage furrow and to the midbody in dividing cells. PtK2 cells were labeled with an affinity-purified rabbit polyclonal antibody to βIII spectrin (green), and with a mouse monoclonal antibody to tubulin (red). During interphase and in the early stages of mitosis, βIII spectrin is localized to the Golgi and also found in a punctate distribution throughout the cytoplasm. During the later stages of mitosis, βIII spectrin specifically localizes to a band at the developing cleavage furrow (a-i). As cytokinesis proceeds, βIII spectrin becomes condensed into a ring at the midbody (j-o). Following an asymmetric division of the midbody (p-r), a persistent ring of spectrin staining is associated with one of the two daughter cells. dynactin at the midbody is not recognized by the P41920 monoclonal antibody to p150 Glued (red).
Again, the insets in the top row are shown at higher magnification in the bottom row.
